nerve stimulation protects against burn-induced intestinal injury through activation of enteric glia cells.
THE ENTERIC NERVOUS SYSTEM (ENS) regulates and controls function of the gastrointestinal tract, responding to luminal contents, mechanical stimulation, and inflammation (13) . The ENS can function independently through pathways in the myenteric and submucosal plexus or respond to central nervous system (CNS) input through sympathetic and parasympathetic pathways. Enteric glia cells are the predominant cell type in the ENS and are similar in structure and function to astrocytes of the CNS (18) . Glia cells express glial fibrillary acidic protein (GFAP) upon activation, increasing the number of GFAPexpressing cells following injury (16) .
The enteric glia plays an important role in modulating gut inflammation and maintaining intestinal barrier integrity following injury. Genetic ablation of enteric glia cells results in severe inflammation and fatal hemorrhagic necrosis of the gut, highlighting the critical role of the enteric glia in maintaining intestinal integrity (5) . Enteric glia has been shown to promote intestinal barrier integrity in vitro by increasing expression of the tight junction proteins occludin and zonula occludens protein-1 (ZO-1) (20) . Enteric glia becomes activated in response to inflammation, with increased GFAP expression from enteric glia cells after the in vitro addition of either proinflammatory cytokines or LPS (24) .
Multiple medical conditions including inflammatory bowel disease, necrotizing enterocolitis, trauma, and severe burn result in significant intestinal barrier injury and serious systemic sequelae. We have previously studied the intestinal injury associated with severe burn, finding changes in tight junction proteins expression that are associated with increased intestinal permeability at early time points following injury (8, 9) . The restoration of small intestinal barrier function requires a complex set of events that are initiated within minutes of injury and are characterized by epithelial cell restitution and reassembly of tight junction proteins to close the paracellular space (3). The mechanisms for intestinal repair following injury are multifactorial, with little understanding of the role the enteric nervous system plays in this crucial process.
In this series of experiments, we hypothesized that intestinal injury would result in activation of enteric glia cells in an in vivo model of severe burn injury. We also postulated that vagal nerve stimulation would activate enteric glia and improve intestinal barrier integrity following severe injury. Improved understanding of the response of the enteric glia to intestinal injury may allow for the development of therapies aimed at limiting intestinal barrier breakdown and the intestinal inflammatory response to severe injury.
METHODS
Animal model of severe burn injury. Male BALB/c mice (8 -12 wk, Jackson Laboratories, Sacramento, CA) were anesthetized with inhaled isoflurane and had their dorsal fur removed. Animals were then placed in a template estimating 30% total body surface area (TBSA) burn and subjected to a steam burn for 7 s as previously described (8) . Following burn injury, animals received a subcutaneous injection of 1.5 ml normal saline with buprenorphine for fluid resuscitation and pain control. At various time points following burn, animals were again anesthetized with inhaled isoflurane for tissue procurement. Sham animals underwent removal of their dorsal fur and received a subcutaneous injection of normal saline with buprenorphine but were not subjected to burn injury. All animal experiments were approved by the University of California, San Diego IACUC and were conducted in accordance with accepted guidelines for animal studies.
Vagal nerve stimulation. A right cervical neck incision was performed and the right cervical vagus nerve exposed. Vagal nerve stimulation was performed by using a VariStim III probe (Medtronic Xomed, Jacksonville, FL) set at 2 mA at ϳ1 Hz for 10 min prior to injury. Sham animals underwent right cervical incision and exposure of the vagus nerve but did not receive stimulation.
In one arm, surgical abdominal vagotomy was performed immediately prior to vagal nerve stimulation and subsequent burn injury through an upper-midline laparotomy incision. The gastroesophageal junction was identified and the dorsal and ventral vagus nerve were visualized on the distal esophagus with an Olympus SZ61 stereomicroscope (Leeds Precision Instruments, Minneapolis, MN). Both branches of the vagus nerve were isolated and divided sharply.
Splenectomy. Mice were anesthetized with inhaled isoflurane prior to a midline laparotomy incision. The spleen was removed following appropriate blood vessel ligation. The abdomen was then closed with interrupted silk suture.
Injection of S-nitrosoglutathione. Animals were given an intraperitoneal injection of S-nitrosoglutathione (GSNO, 10 mg/kg) immediately following burn injury (20) . Tissues were harvested 4 h following injury for histological analysis.
Histopathological evaluation. Sections of distal ileum (n ϭ 3 animals per group) were cut 7 m thick and stained with hematoxylin and eosin (Surgipath, Richmond, IL). Images were viewed with an Olympus IX70 light microscope (Melville, NY) and viewed with Q-imaging software (Surrey, BC, Canada). Histological gut injury was scored by a pathologist blinded to the experimental conditions. Three randomly selected fields from each specimen were graded based on a scoring system characterizing gut injury on a scale from 0 to 4: 0 ϭ normal, no damage; 1 ϭ mild, focal epithelial edema; 2 ϭ moderate; diffuse swelling necrosis of the villi; 3 ϭ severe; diffuse pathology of the villi; with evidence of neutrophil infiltration in the submucosa; 4 ϭ major; widespread injury with massive neutrophil infiltration and hemorrhage as previously described (2) .
In vivo intestinal permeability assay. A midline laparotomy was performed 4 h following burn and the distal small intestine identified as previously described (8, 9) . A 5-cm segment of small intestine was isolated between silk ties prior to intraluminal injection of 25 mg 4.4-kDa FITC-dextran (Sigma, St. Louis, MO) diluted in 200 l phosphate-buffered saline (PBS). The bowel was then returned to the abdominal cavity and the abdominal wall was closed. Animals were maintained under general anesthesia for 30 min at which time blood was obtained via cardiac puncture. Plasma fluorescence was read in a fluorescence spectrophotometer (SpectraMax M5, Molecular Diagnostics, Sunnyvale, CA) and compared with a standard curve of FITC-dextran diluted in mouse plasma (n ϭ 4 animals per group).
Reverse transcription PCR. Distal ileum was preserved in RNA later solution and stored at Ϫ20°C for no longer than 6 mo. RNA was extracted from tissue and treated with DNAse via the RNAqueous 4PCR kit (Ambion). Reverse transcription was performed (n Ն 4 animals per group) with the High Capacity cDNA Reverse Transcription kit (Applied Biosciences, Pleasanton, CA). Control for Ϯreverse transcription-PCR was performed separately with Platinum PCR Supermix (Invitrogen). Reverse transcription quantitative PCR reactions were run with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) for 40 cycles on a Bio-Rad iQ5 real-time PCR detection system. Cycles were run at 95°C for 3 min, 95°C for 10 s, 60°C for 30 s, 72°C for 30 s. Steps 2-4 were repeated for 40 cycles. A melt curve was obtained to ensure that only a single species was amplified. The GFAP primer forward 5=-GAGGAGGAGATCCAGTTCTTAAGGA-3=, reverse 5=-GCCTCGTATTGAGTGCGAATC-3= was used. Samples were normalized against ␤-actin or rig/S15 and relative expression levels were calculated by the ⌬⌬Ct method (25) .
Western blot analysis. Intestinal segments were harvested 4 h following burn for Western blot analysis as previously described (9) . Immunoblotting was performed by using standard techniques with an antibody against myosin light chain (MLC) kinase (MLCK, Sigma) or ␤-actin (Cell Signaling, Danvers, MA). Images were obtained using the Xenogen IVIS Lumina imaging system and quantified by use of UN-SCAN-IT gel digitizing software (Silk Scientific, Orem, UT).
Enzyme-linked immunosorbent assay. Tumor necrosis factor-␣ (TNF-␣) was measured from plasma and extracts of distal ileum harvested at various time points following injury. A commercially available enzyme-linked immunosorbent assay kit was obtained from R&D Systems (Minneapolis, MN). TNF-␣ levels were measured in picograms per milliliter.
Confocal microscopy. Segments of distal ileum (n ϭ 3 animals per group) were embedded in optimal cutting temperature media and stored at Ϫ70°C. Sections of intestine were cut 10 m thick with a Reichert-Jung Cryocut 1800 (Reichert Microscopes, Depew, NY). Sections were fixed onto glass slides with 3.7% paraformaldehyde (Electron Microscopy Series, Hatfield, PA) for 10 min then washed with PBS. Cells were permeabilized with 0.01% Triton X-100 (Sigma) for 1 min. Sections were washed in PBS then blocked for 1 h in 3% bovine serum albumin (BSA, Sigma). The sections were then incubated overnight in primary antibody against GFAP-Cy3 conjugate (Sigma), phosphorylated MLC, or 4,6-diamidino-2-phenylindole (DAPI) diluted 1:100. Sections were then treated with the secondary antibody Alexa Fluor 488 (Invitrogen) in 1% BSA for 1 h. Prolong Fade (Invitrogen) was added upon placement of coverslips. Images were viewed by using the Olympus Fluoview laser scanning confocal microscope (Olympus) with exposure-matched settings (Advanced Software v1.6, Olympus) at ϫ60 magnification.
Detection of in vivo bioluminescence using GFAP-luc mice.
Transgenic GFAP-luc mice with FVB/J background were obtained from Caliper Life Science (Mountain View, CA). Male GFAP-luc mice were subjected to 30% TBSA steam burn or vagal stimulation as previously described (n ϭ 4 animals per group). At various time points following injury, animals received an intraperitoneal injection of 150 l D-luciferin (15 mg/ml, Caliper Life Sciences) 5 min prior to in vivo imaging with the Xenogen IVIS Lumina while under general anesthesia (Caliper Life Sciences). Images were obtained with a 1-min exposure time using field of view A. Bioluminescence was analyzed by using Living Image Software (Caliper Life Sciences) with color bars standardized for animals imaged. Luminescent intensity was quantified for all animals imaged by using region of interest measurements of equivalent areas of the abdominal wall. Following in vivo imaging, animals were euthanized and the brain and intestine were removed to confirm ex vivo bioluminescence from these tissues. Transgenic mice also underwent PCR analysis of tail tips to confirm presence of the GFAP-luc transgene. Nontransgenic FVB/J mice were imaged to show background fluorescence.
Statistical analysis. Data are expressed as means Ϯ SE. The statistical significance among groups was determined by t-test or analysis of variance with Bonferroni correction where appropriate. Statistical significance for gut injury scoring was performed by the Kruskal-Wallis test for nonparametric data with post hoc MannWhitney test performed in pairwise fashion. Statistical analysis was performed by use of SPSS software v11.5 (SPSS, Chicago, IL). Statistical significance was defined as P Ͻ 0.05.
RESULTS

Vagal nerve stimulation attenuates intestinal injury.
Sections of distal ileum from sham animals and animals 4 h following 30% TBSA burn underwent histological examination to confirm the presence of intestinal injury. The distal small intestine from burned animals displayed evidence of histological pathology characterized by blunting of villi (Fig. 1B) . Stimulation of the vagus nerve prior to burn prevented histo- logical gut injury (Fig. 1C) . Next, we performed an abdominal vagotomy at the gastroesophageal junction prior to stimulation of the vagus nerve to confirm that efferent vagal nerve signaling modulates gut barrier integrity following injury. Abdominal vagotomy (Fig. 1D) prevented the protective effects of vagal nerve stimulation, with histological gut injury similar to animals following burn alone. Gut injury scoring was significantly lower in animals that underwent vagal nerve stimulation prior to burn compared with burn alone (Fig. 1E) .
Vagal nerve stimulation prevents burn-induced intestinal permeability. Intestinal barrier function was assessed with an in vivo intestinal permeability assay (Fig. 1F) . Intestinal permeability to small molecular weight FITC-dextran was increased 4 h following burn injury. Stimulation of the vagus nerve immediately prior to injury maintained intestinal barrier integrity, significantly reducing burn-induced intestinal permeability. Animals undergoing abdominal vagotomy prior to vagal nerve stimulation had intestinal permeability equivalent to animals subjected to burn, eliminating the protective effects of cervical vagal nerve stimulation. Intestinal permeability after vagal nerve stimulation or vagotomy alone was similar to sham.
Burn injury and vagal nerve stimulation each increase activation of enteric glia. Enteric glia activation was assessed by measuring intestinal GFAP mRNA expression via quantitative PCR (Fig. 2) . The enteric glia became activated at early time points following burn, with an eightfold increase in GFAP mRNA from the small intestine at 2 h following injury. Intestinal GFAP mRNA expression is elevated to a lesser degree by 4 and 6 h following injury. Intestinal GFAP expression returns to sham levels by 24 h following injury (data not shown). Vagal nerve stimulation (Stim) prior to severe burn results in augmented intestinal GFAP mRNA expression over animals subjected to burn alone. Performing a surgical abdominal vagotomy prior to cervical vagal nerve stimulation and subsequent severe burn abrogates the ability of vagal nerve stimulation to increase intestinal GFAP mRNA expression. B: arterial blood pressure was measured during vagal nerve stimulation to confirm that cervical vagal nerve stimulation did not cause hemodynamically significant changes in blood pressure. There was no significant change in arterial blood pressure during or immediately following vagal nerve stimulation. Intestinal GFAPϩ enteric glia localization was assessed by confocal microscopy of intestinal segments stained for GFAP (red) and 4,6-diamidino-2-phenylindole (DAPI; blue). C: there is some background GFAP expression in sham animals. D: GFAP staining is seen extending toward the intestinal villi in sections from animals 4 h following burn. E: vagal nerve stimulation prior to burn also results in increased staining for GFAP compared with sham. The enteric nervous system is controlled, in part, through connections to the CNS via the vagus nerve. To assess the effects of signaling via the vagus nerve on enteric glia activation, we performed right cervical vagal nerve stimulation. Intestinal GFAP mRNA expression was measured at several time points following vagal nerve stimulation (Fig. 2) . There was a 12-fold increase in GFAP mRNA accumulation at both 2 and 4 h following stimulation of the vagus nerve. By 6 h following vagal nerve stimulation intestinal GFAP expression had decreased to sham levels.
Stimulation of the vagus nerve modulates activation of enteric glia following burn. Next, we investigated the changes in intestinal GFAP expression in animals that underwent vagal nerve stimulation prior to severe burn injury (Fig. 3A) . Enteric glia activation was assessed 4 h following injury as there was a plateau in GFAP expression following vagal nerve stimulation at this time point. Stimulation of the vagus nerve prior to burn was associated with an eightfold increase in intestinal GFAP expression 4 h following injury. This was significantly higher than GFAP expression seen from animals following burn alone. The increased activation of enteric glia cells in animals receiving vagal nerve stimulation immediately prior to severe burn correlated to decreased intestinal permeability to FITC-dextran (Fig. 1F) .
Next, we performed an abdominal vagotomy prior to vagal stimulation and subsequent severe burn injury to confirm the relationship between efferent vagal nerve signaling and the activation of enteric glia. Abdominal vagotomy prevented the augmented activation of enteric glia seen in burned animals undergoing vagal nerve stimulation, with no difference compared with animals subjected to burn alone. This also correlated with intestinal permeability data showing that abdominal vagotomy abrogated the protective effects of vagal nerve stimulation prior to injury (Fig. 1F) .
We also confirmed that changes in GFAP expression following vagal nerve stimulation were not confounded by significant changes in arterial blood pressure, which itself could alter enteric glia activation. Arterial blood pressure was measured in animals during cervical vagal nerve stimulation (Fig.  3B ). This confirmed that changes seen in enteric glia cell activation in this model were not due to changes in arterial blood pressure.
Changes in localization of GFAP-expressing enteric glia cells were studied by confocal microscopy of intestinal segments obtained 4 h following injury. There is some baseline expression of GFAP seen in sham animals as expected (Fig.  3C) . Additionally, we observed increased staining for GFAP, which was seen projecting toward the intestinal villi in sections obtained from burned animal (Fig. 3D) . Animals undergoing vagal nerve stimulation prior to burn also have increased GFAP staining seen projecting into the villi of intestinal segments (Fig. 3E) . The pattern of GFAP expression is less pronounced in animals subjected to abdominal vagotomy prior to cervical vagal nerve stimulation and burn, suggesting the importance of vagal nerve stimulation in gut GFAP expression following injury (Fig. 3F) .
Vagal stimulation increases bioluminescence from GFAPluc transgenic mice. Transgenic GFAP-luc mice were used to assess in vivo changes in GFAP expression. These transgenic animals express luciferase under transcriptional control of the GFAP promoter. After injection of the substrate luciferin, we were able to image bioluminescence as a marker for GFAP expression using the Xenogen IVIS Lumina imaging system. GFAP-luc transgenic mice were used to examine in vivo changes in GFAP expression 4 h following vagal nerve stimulation. There was increased luminescence from the abdomen of animals imaged 4 h following stimulation of the cervical vagus nerve (Fig. 4B) compared with sham (Fig. 4A) . Excision of the intestine following in vivo imaging confirmed luminescence from the small intestine. Quantification of all GFAP-luc animals imaged confirms increased luminescence from animals 4 h following stimulation of the vagus nerve (Fig. 4D) .
Abdominal bioluminescence is increased in GFAP-luc mice following burn.
There is increased luminescence noted from the abdomen of GFAP-luc animals 4 h following burn (Fig.  4C ) compared with GFAP-luc mice who were not subjected to burn (Fig. 4A) . To confirm that the luminescence detected from the abdomen of these animals was from the intestine, the gut was resected en bloc for imaging. Luminescent imaging from the excised intestine confirms that the abdominal luminescence seen on in vivo imaging originated from the intestine of the GFAP-luc mice. Quantification of abdominal bioluminescence from all mice imaged demonstrates a greater luminescence from the burned GFAP-luc mice compared with sham (Fig. 4D) . Nontransgenic sham and burn mice were imaged to confirm that there is minimal background luminescence at the settings used in this series of experiments (data not shown).
Vagal stimulation increases bioluminescence from GFAPluc transgenic mice. GFAP-luc transgenic mice were used to examine in vivo changes in GFAP expression 4 h following vagal nerve stimulation. There was increased luminescence from the abdomen of animals imaged 4 h following stimulation of the cervical vagus nerve (Fig. 4E) compared with sham (Fig.  4D) . Excision of the intestine following in vivo imaging confirmed luminescence from the small intestine. Quantification of all GFAP-luc animals imaged confirms increased luminescence from animals 4 h following stimulation of the vagus nerve (Fig. 4F) .
Vagal nerve stimulation attenuates burn-induced intestinal barrier injury. Next, we evaluated whether vagal nerve stimulation would modulate intestinal inflammation and intestinal tight junction protein expression following injury. Vagal nerve stimulation prevented the burn-induced increase in intestinal TNF-␣ levels (Fig. 5A ), which correlates with results of the in vivo intestinal permeability assay (Fig. 1F) MLCK is a tight junction protein that plays a key role in modulating intestinal barrier function. Increased MLCK expression increases paracellular permeability across the intestinal tight junction and is regulated, in part, by increases in TNF-␣ (15) . Changes in intestinal MLCK expression were analyzed by Western blot, showing that vagal nerve stimulation prevents the increase in MLCK activation that is seen after burn injury (Fig. 5B) . The ability of vagal nerve stimulation to modulate intestinal tight junction protein expression was further confirmed by imaging changes in phosphorylated MLC by use of confocal micros- copy. MLCK activation results in phosphorylation of MLC and subsequent contraction of the actin-myosin ring in the intestinal epithelium, resulting in opening of the tight junction. Severe burn injury resulted in increased staining for phosphorylated MLC (Fig. 5D) . Animals undergoing vagal nerve stimulation prior to burn had a pattern of phosphorylated MLC expression similar to sham (Fig. 5, C and E) , with clearly less staining than seen from the gut of burn injured animals.
Postinjury vagal nerve stimulation protects against burninduced intestinal permeability. The clinical utility of vagal nerve stimulation will be determined by the immunomodulatory effects of stimulating the vagus nerve after injury. We performed a set of experiments with vagal nerve stimulation occurring at 30 min after burn injury. Postinjury vagal nerve stimulation resulted in decreased intestinal permeability following severe burn injury (Fig. 6) , with no loss in the protective effects measured in animals that underwent vagal nerve stimulation prior to injury.
Postinjury treatment with GSNO protects against burninduced intestinal barrier injury. Activated enteric glia cells have been shown to release GSNO, a known modulator of intestinal barrier function. GSNO was injected following severe burn injury to explore a potential mechanism by which intestinal barrier function is maintained through activation of enteric glia cells. Injection of GSNO following injury also prevented the burn-induced increase in intestinal permeability to 4-kDa FITC-dextran (Fig. 6 ) and also improved gut histology compared with burned animals (Fig. 7, A-C) . Injection of GSNO also modulated intestinal tight junction protein expression. Animals injected with GSNO had decreased staining for phosphorylated MLC (Fig. 7F ) compared with burn alone (Fig. 7E) .
The protective effects of vagal nerve stimulation are not due to modulation of systemic TNF-␣. Previous studies have shown that vagal nerve stimulation has a major effect on circulating cytokines, specifically causing a dramatic decrease in TNF-␣ production from the spleen (12) . We questioned whether the protective effects of vagal nerve stimulation in this model were simply due to a decrease in circulating TNF-␣. To answer this question we performed vagal nerve stimulation on burn injured animals immediately following splenectomy, thus eliminating the effects of TNF-␣ produced by the spleen following injury. Burn injury caused increased intestinal permeability and histological gut injury in splenectomized animals. Vagal nerve stimulation maintained its gut-protective effect after burn injury in animals that were splenectomized (Figs. 8 and 9, A-E) . This suggests that the protective effects of vagal nerve stimulation are not due to modulation of splenic production of circulating TNF-␣. This was confirmed by measuring decreased circulating TNF-␣ levels in both animals that had undergone splenectomy and splenectomized animals that underwent vagal nerve stimulation following injury (Fig. 9F) . Elevated intestinal TNF-␣ correlated with increased intestinal permeability and histological gut injury, suggesting a local rather than systemic inflammatory response (Fig. 9G) .
DISCUSSION
The ability of vagal nerve stimulation to modulate the intestinal response to inflammation is just beginning to be understood. In this series of experiments, we investigated changes in small intestine enteric glia activation in a model of intestinal injury caused by severe burn. The enteric glia may, at least in part, be responsible for restoring intestinal barrier integrity following injury. Here we propose that the response of the enteric glia to intestinal injury may be modulated by the CNS via the vagus nerve. Our findings suggest that stimulating the vagus nerve at the time of injury may augment enteric glia cell activation and either prevent intestinal barrier injury or speed its recovery.
The results of this study demonstrated that severe burn injury increases activation of enteric glia cells as measured by increased intestinal GFAP mRNA expression, by confocal microscopy of intestinal segments stained for GFAP, and by utilizing in vivo imaging of luminescence from the intestine of GFAP-luc transgenic animals. We also investigated the effects of vagal nerve stimulation on enteric glia activation. These experiments showed that electrical stimulation of the cervical vagus nerve alone causes increased expression of intestinal GFAP. This is the first study, to our knowledge, to utilize GFAP-luc transgenic mice to study changes in the enteric glia. These transgenic mice have been used to image changes to CNS astrocytes; however, abdominal imaging of changes in GFAP expression following injury has not previously been reported (6, 14) . This technique allows for in vivo imaging of changes in GFAP expression and allows for a powerful visual confirmation of results of classic methods such as quantitative PCR. In the future, this nonlethal, in vivo imaging technique may be ideally suited for following changes in GFAP expression in the same animal over time.
We found that stimulation of the vagus nerve prevented burn-induced intestinal permeability and attenuated histo- logical gut injury. To confirm that the effects of vagal nerve stimulation were due to an efferent signaling pathway, we performed surgical abdominal vagotomy prior to vagal nerve stimulation. Animals undergoing abdominal vagotomy prior to vagal stimulation had intestinal permeability similar to animals subjected to burn alone, confirming the protective effects of efferent vagal nerve signaling. The improved intestinal barrier function seen in injured animals that underwent vagal nerve stimulation was associated with a significant increase in intestinal GFAP expression via PCR. Limiting intestinal barrier injury may play an important role in decreasing the systemic inflammatory response associated with severe injury. Vagal nerve stimulation has previously been shown to decrease histological gut injury and intestinal inflammation in a model of colitis (10) . Vagal nerve stimulation has also been shown to decrease postoperative ileus in a murine model, further supporting the ability of vagal nerve stimulation to modulate the enteric nervous system (22) . Importantly, we also demonstrated that vagal nerve stimulation given 30 min after burn injury continues to prevent intestinal barrier injury. This is certainly important, since the clinical utility of vagal nerve stimulation lies in its ability to have protective effects when administered after an insult.
In this series of experiments we found that vagal nerve stimulation prevented the burn-induced increase in intestinal TNF-␣. This was associated with modulation of the intestinal tight junction proteins MLCK and phosphorylated MLC. Increased expression of both MLCK and phosphorylated MLC play an important role in the loss of tight junction integrity. Therefore, the ability of vagal nerve stimulation to attenuate the increase in MLCK and phosphorylated MLC after burn gives insight into the mechanism by which vagal nerve stimulation prevents intestinal barrier loss and subsequent intestinal inflammation.
Similar to the role of astrocytes in maintaining the bloodbrain barrier, enteric glia play an important role in regulating intestinal permeability (21) . The importance of enteric glia was noted in studies using targeted ablation of enteric glia cells in transgenic mice. Loss of enteric glia cells was fatal in that animal model owing to hemorrhagic necrosis of the small intestine (5). Clinically, loss of enteric glia cells has been implicated in the pathogenesis of inflammatory bowel disease (7). Neurons of the ENS communicate with enteric glia cells, allowing for cross talk between cell types (18) . Gulbransen and Sharkey (11) have recently shown that electric stimulation of enteric neurons causes activation of enteric glia cells through release of the neurotransmitter adenosine triphosphate. Here we demonstrated that cervical vagal nerve stimulation causes activation of enteric glia cells as measured by increased GFAP expression. This demonstrates a link between the vagus nerve and enteric glia and gives insight into possible mechanisms by which the CNS communicates with ENS following gut inflammation. We found that stimulation of the vagus nerve prior to burn augmented the activation of enteric glia cells in response to intestinal injury.
Studies by Savidge (20) et al. have shown that enteric glia improve intestinal barrier function by augmenting the expression of tight junction proteins, resulting in improved intestinal barrier integrity. They demonstrated that glial cells secrete GSNO, which modulates intestinal tight junction integrity. This was confirmed in an animal model of gut inflammation, in which injection of exogenous GSNO attenuated gut inflammation, improved intestinal barrier integrity, and increased expression of the tight junction protein ZO-1. Enteric glia cells are also known to secrete transforming growth factor-␤, another molecule that improves intestinal barrier integrity (1, 17) . Here we have shown that injection of GSNO attenuates burninduced intestinal barrier injury with results similar to animals undergoing vagal nerve stimulation. This further suggests that vagal nerve stimulation may maintain barrier integrity and intestinal tight junction protein expression through the ability of activated enteric glia cells to produce GSNO.
It has been hypothesized that a subpopulation of enteric glia cells can rapidly upregulate GFAP expression in response to inflammation, whereas other glia cells respond more slowly and require proliferation and GFAP synthesis (4, 24) . The CNS may signal the ENS via the vagus nerve to increase enteric glial cell GFAP synthesis in response to injury. Since enteric glia cells improve intestinal barrier integrity, this may represent another vagal-mediated anti-inflammatory pathway that is activated in response to gut injury. It is important to acknowledge that there may be other mechanisms by which stimulating the vagus nerve may protect against burn-induced gut injury. In addition to secreting GSNO, activated enteric glia cells cause numerous changes in gene transcription within the intestinal epithelial cell that may alter barrier function (23) . Vagal nerve stimulation may also alter intestinal function after injury by other pathways including neuropeptide release.
Vagal nerve stimulation has previously been shown to exert its protective effects through its ability to decrease production of splenic TNF-␣ following injury via the ␣ 7 nicotinic acetylcholine receptor (19) . We sought to determine whether the gut-protective effects of vagal nerve stimulation in this study were due to modulation of splenic TNF-␣. We first splenectomized animals immediately prior to burn injury to eliminate the main source of immediate TNF production. We found that there continued to be increased permeability and histological gut injury in burned animals after splenectomy despite decreased levels of circulating TNF-␣. This suggests that the gut injury seen in this model is not due to circulating TNF-␣. Next, we performed vagal nerve stimulation in burned animals that had been splenectomized immediately prior to injury. We again found that vagal nerve stimulation had gut-protective effects as measured by permeability and histology. We also measured TNF-␣ from gut tissue and found elevated levels in burned animals that had been splenectomized, indicating a local but not systemic inflammatory response. These data suggest that the protective effects of vagal nerve stimulation on the gut are not due to modulation of splenic production of circulating TNF-␣.
In summary, we demonstrated that stimulation of the vagus nerve is associated with increased activation of enteric glia cells and resulted in attenuation of burn-induced intestinal barrier injury. The ability of vagus nerve stimulation to activate enteric glia cells may give insight into the signaling that occurs from the CNS to the ENS following gut injury. These results advance previous studies documenting the anti-inflammatory effects of vagal nerve stimulation, now showing the ability to modulate enteric glia cells within the ENS. Exploiting the barrier inducing effects of enteric glia activation may prevent or limit intestinal barrier breakdown and may be a therapeutic target in diseases causing intestinal inflammation.
